If QGP-like medium is created in p-Pb collisions at extremely high collision energies, charm quarks that move in the medium can hadronize by capturing the co-moving light quark(s) or anti-quark(s) to form the charm hadrons. Using light quark pT spectra extracted from the experimental data of light hadrons and a charm quark pT spectrum that is consistent with perturbative QCD calculations, the central-rapidity data of pT spectra and the spectrum ratios for D mesons in the low pT range (pT 7 GeV) in minimum-bias p-Pb collisions at √ sNN = 5.02 TeV are well described by quark combination mechanism in equal-velocity combination approximation. The Λ + c /D 0 ratio in quark combination mechanism exhibits the typical increase-peak-decrease behavior as the function of pT , and the shape of the ratio for pT 3 GeV is in agreement with the preliminary data of ALICE collaboration in central rapidity region −0.96 < y < 0.04 and those of LHCb collaboration in forward rapidity region 1.5 < y < 4.0. The global production of single-charm baryons is quantified using the preliminary data and the possible enhancement (relative to light flavor baryons) is discussed. The pT spectra of Ξ 0 c , Ω 0 c in minimum-bias events and those of single-charm hadrons in high-multiplicity event classes are predicted, which serves as the further test of the possible change of the hadronization characteristic for low pT charm quarks in the small system created in p-Pb collisions at LHC energies.
If QGP-like medium is created in p-Pb collisions at extremely high collision energies, charm quarks that move in the medium can hadronize by capturing the co-moving light quark(s) or anti-quark(s) to form the charm hadrons. Using light quark pT spectra extracted from the experimental data of light hadrons and a charm quark pT spectrum that is consistent with perturbative QCD calculations, the central-rapidity data of pT spectra and the spectrum ratios for D mesons in the low pT range (pT 7 GeV) in minimum-bias p-Pb collisions at √ sNN = 5.02 TeV are well described by quark combination mechanism in equal-velocity combination approximation. The Λ + c /D 0 ratio in quark combination mechanism exhibits the typical increase-peak-decrease behavior as the function of pT , and the shape of the ratio for pT 3 GeV is in agreement with the preliminary data of ALICE collaboration in central rapidity region −0.96 < y < 0.04 and those of LHCb collaboration in forward rapidity region 1.5 < y < 4.0. The global production of single-charm baryons is quantified using the preliminary data and the possible enhancement (relative to light flavor baryons) is discussed. The pT spectra of Ξ 0 c , Ω 0 c in minimum-bias events and those of single-charm hadrons in high-multiplicity event classes are predicted, which serves as the further test of the possible change of the hadronization characteristic for low pT charm quarks in the small system created in p-Pb collisions at LHC energies. 
I. INTRODUCTION
Quark-gluon plasma (QGP) in which quarks and gluons are deconfined is a new state of the matter of QCD [1] , which is significantly different from the normal nuclear matter. Ultra-relativistic heavy-ion collisions are served as the main experimental approach to study the creation and property of this new state of matter. However, recent ALICE and CMS experiments find with great surprise that the production of hadrons in highmultiplicity p-Pb and pp collisions at LHC exhibits a series of remarkable similarities with that in heavy-ion collisions where QGP is created. These striking observations include long range angular correlations [2, 3] and collectivity [4] [5] [6] , enhanced strangeness [7, 8] and enhanced baryon to meson ratio at low transverse momentum [9, 10] , etc. In heavy ion collisions these phenomena are usually attributed to the creation of QGP. Theoretical explanations on these striking observations in small collision systems usually focus on the creation of mini-QGP or phase transition [11] [12] [13] [14] [15] [16] , multiple parton interaction [17] , color re-connection and string overlap at hadronization [18] [19] [20] [21] , etc. In the latest work [22] , we found that the experimental data of transverse momentum (p T ) spectra for φ, Ω − , Ξ * (1530), K * (892) and other identified hadrons in the low p T range (p T 8 GeV) in pPb collisions at √ s N N = 5.02 TeV exhibit an interesting constituent quark number scaling. Such scaling behavior indicates the change of hadronization characteristic * shaofl@mail.sdu.edu.cn † songjun2011@jnxy.edu.cn in low p T range from the traditional string/cluster fragmentation to the quark (re-)combination mechanism in light (up, down, strange) sector, and is a possible signature for the formation of small dense parton medium in collisions.
In this paper, we take the p T spectra of single-charm hadrons containing only a charm or anti-charm quark as another probe for the property of the soft parton system created in p-Pb collisions at √ s N N = 5.02 TeV, and we study the quark (re-)combination hadronization for low p T charm quarks. This is mainly motivated by the fact that, even though the production of charm quarks is the perturbative QCD process by the initial hard collisions of partons in the incoming nucleons, the hadronization of charm quarks is dependent on the surrounding parton environment. At hadronization, if the charm quark is surrounded by the medium with relatively abundant soft partons, the charm quark can pick up a light antiquark or two light quarks co-moving with it to form a heavy flavor hadron, where the momentum characteristic is the combination p H = p c + pq ,qq . Otherwise, in the case of the lack of the co-moving neighbor partons, it will color neutralize by connecting with the faraway parton(s) and fragment into the charm hadron of momentum p H = xp c with x < 1. This different characteristic of hadronization will be reflected by the p T spectra of charm hadrons in the low p T range. We study such possible change of hadronization characteristic by focusing on the p T spectra of mesons D ±,0 , D The paper is organized as follows: Sec. II will introduce a working model in quark (re-)combination mechanism for charm quark hadronization. Sec. III presents our results and relevant discussions. Summary is given at last in Sec. IV.
II. CHARM QUARK HADRONIZATION IN QCM
The (re-)combination of heavy quarks with surrounding light quarks and antiquarks has been suggested in early 1980s [23] [24] [25] , and has successfully explained the flavor asymmetry of D mesons at forward rapidities in hadronic collisions through recombination of charm quarks with valence and/or sea quarks from projectile [26] [27] [28] . The (re-)combination mechanism is also phenomenologically successful in heavy-ion collisions [29] [30] [31] [32] [33] [34] [35] [36] , where the QGP provides a natural source of thermal light quarks and antiquarks to color-neutralize heavy quarks at hadronization. As the aforementioned discussions, if the small dense quark matter is created in p-Pb collisions at LHC energies, the low-p T charm quarks will prefer to pick up the co-moving light quarks or antiquarks to form the charm hadrons. In this section, we present a working model for the production of single-charm hadrons in the low p T range in quark (re-)combination mechanism (QCM) in momentum space.
A. formulism in momentum space
For a charm meson M cl composed of a c and a light antiquarkl, and a charm baryon B cll ′ composed of a c and two light quarks l l ′ , their momentum distributions in QCM, as formulated in e.g. [37] in general, can be obtained by
f B cll ′ (p) = dp 1 dp 2 dp
Here, f cl (p 1 , p 2 ) is the joint momentum distribution for c andl.
is the combination function that is the probability density for a given cl with momenta p 1 , p 2 combining into a meson M cl with momentum p. It is similar for baryons. Considering the perturbative nature of charm quark production, we assume the momentum distribution of charm quarks is independent of those of light quarks. If we also take independent distributions for light quarks of different flavors, we have
Here we have defined the normalized momentum distribution f 
The combination function contains the key information of hadronization. In sudden hadronization approximation, it is determined by the overlap between the wave function of quarks and that of the hadron or by the Wigner function of the hadron [29, 31, 38] . However considering the non-perturbative nature of hadronization, beyond such approximation will be more realistic but in such case we do not know the precise form of the combination function from the solid QCD phenomenology. Therefore, here we only take the most basic characteristic of the combination -the combination mostly happens for quarks and antiquarks that are neighboring in momentum space. We suppose the combination takes place mainly for the quark and/or antiquark which has a given fraction of momentum of the hadron, and we write the combination function
where κ M cl and κ B cll ′ are constants independent of p.
We adopt the approximation of equal transverse velocity in combination, or called co-moving approximation for heavy quark hadronization. Because the velocity is v = p/E = p/γm, equal velocity implies p i = γvm i ∝ m i which leads to
where quark masses are taken to be the constituent masses in the quark model. Specifically, we take m u = m d = 0.33 GeV, m s = 0.5 GeV, and m c = 1.5 GeV so that the mass and momentum of the hadron can be properly generated by the combination of these constituent quarks and antiquarks. We emphasize that such equal velocity approximation is shown to be quite effective in light sector in our previous work [22] where the data of p T spectra for identified hadrons such as p, Λ, Ξ, Ω, φ, K * , Ξ * , and Σ * in p-Pb collisions at √ s N N = 5.02 TeV can be well explained by a up/down quark spectrum f u (p T ) and a s quark spectrum f s (p T ) at hadronization. For charm hadrons, although the charm quark carries the major part of the momentum of the hadron, light constituent quarks also influence explicitly the momentum distribution of the charm hadron, which can be clearly seen from spectrum ratios such as D s /D, Λ 
By defining the normalized meson distribution
where
, and the normalized baryon distribution (11) where A −1
qi (x i p), we finally obtain the following expressions for charm hadrons
with yields
We see that P cl→M cl ≡ κ M cl /A M cl has the proper physical meaning, i.e., the momentum-integrated combination probability for cl → M cl . Similarly 
with
By counting polarization states a naive estimation of R V /P is 3.0. However, the mass of the hadron will influence the formation probability in the sense that the lower mass denotes the lower energy level for the bound state formation and means preferable formation. Here, we consider the effective thermal weight used in [39, 40] as a guideline and take R V /P = 1.5 in this paper.
Baryon formation probability P cll ′ →B cll ′ is obtained similarly. We use N Bc to denote the total number of all charm baryons containing one charm quark. Ncqq . Here, N iter,ll ′ is the iteration number of ll ′ pair and is taken to be 1 for l = l ′ and 2 for l = l ′ . The appearance of this factor is due to the possible double counting in N, e.g. N u N d appears twice in N. We consider the production of single-charm baryons in triplet (Λ
with J P = (3/2) + , respectively, in the ground state. We introduce a parameter R S1/T to denote the relative ratio of
+ triplet baryons of the same flavor composition, and a parameter R S3/S1 to denote that of J P = (3/2) + sextet baryons to J P = (1/2) + sextet baryons of the same flavor composition. We also take the effective thermal weight as a guideline and take R S1/T = 0.5 and R S3/S1 = 1.5, respectively.
Finally, the yield of a specific kind of charm baryons
where C Bi,cll ′ is the production weight according to two parameters R S1/T and R S3/S1 . For ll ′ = uu, dd, ss,
For ll ′ = ud, us, ds,
We note that after taking the strong and electromagnetic decays into account, yields and momentum spectra of final-state Λ 
Here we treat the ratio R Some discussions on the present model in contrast with other popular (re-)combination/coalescence models applied in relativistic heavy-ion collisions [29, 38, 41] are necessary. In essence, our model is a statistical hadronization method based on the constituent quark degrees of freedom, in which unclear non-perturbative dynamics such as the selection of different spin states and the formation competition between baryon and meson in quark combination are treated as model parameters. In addition, it is still unclear at present for the geometrical or spatial structure of the soft parton system in p-Pb collisions at LHC, and therefore we do not consider the spatial distributions of quarks at hadronization in the present working model. These points are main difference from those (re-)combination/coalescence models in terms of Wigner function method applied in relativistic heavy-ion collisions [29, 38, 41] .
On the other hand, in the study the possible creation of deconfined quark matter, results of QCM are usually compared with those of (string) fragmentation mechanism. Because parameters that control the production weight for different spin states in hadron production such as R V /P and R S3/S1 also exist somehow in string fragmentation, the key phenomenological difference between two classes of hadronization mechanism, in our opinion, lies in the kinetic characteristic in momentum space, which will, for example, obviously exhibit in the ratio of baryons to mesons as the function of p T .
B. pT spectra of constituent quarks at hadronization
In this paper we study the production of single-charm hadrons at specific rapidities and we apply the formulas in the previous section to the one-dimensional p T space. The p T distributions of quarks and antiquarks at hadronization are inputs of the model. The p T distributions of light constituent quarks in the low p T range are unavailable from the first-principle QCD calculations. However, we can extract them from the data of p T spectra of identified hadrons in QCM in the equal-velocity combination approximation. For example, as formulated in Refs. [22, 42] which is similar to Eq. (8), the p T spectrum of φ is related to that of s quarks
where κ φ is a constant independent of momentum. We can extract f
is assumed at LHC energies due to the charge conjugation symmetry. The iso-spin symmetry between u and d as well as the charge conjugation symmetry between u andū are assumed, so f
, which can be extracted from the spectrum of K * by the relation
with the extracted f (n) s (p T ) and r = m s /m u if the data of K * are available. Otherwise, it can be extracted from the data of proton after subtracting the decay influence. The number of s quarks and that of u or d quarks are fitted from the data of hadronic yields in QCM.
We have obtained these information of light quarks at hadronization in different multiplicity classes in p-Pb collisions at √ s N N = 5.02 TeV in previous work [22] , which is shown in Fig. 1 as the input of the present work. The p T spectra of light quarks in minimum-bias events are also shown. The p T spectrum of charm quarks is calculable in perturbative QCD. Here, we take the calculation of the Fixed-Order Next-to-Leading-Logarithmic (FONLL) [43, 44] in pp collisions at √ s = 5.02 TeV as the guideline. In Fig. 2 , we show the normalized p T distribution of charm quarks, which is obtained from the online calculation of FNOLL [45] . The points with the line are center values of FONLL and the shadow area shows the scale uncertainties, see Refs. [43, 44] for details. The uncertainty of parton distribution functions (PDFs) is not included. We see that the theoretical uncertainty is large for the spectrum of charm quarks at low p T . If we directly use this spectrum, our results of charm hadrons also have large uncertainties and the comparison with the data will be less conclusive. Therefore we only take the calculation of FONLL as an important guideline. The practical p T spectrum of charm quarks used in this paper is extracted by fitting the data of D * + mesons [46, 47] in QCM and is shown as the thick solid line in Fig. 2 . We see that the extracted spectrum is very close to the center points of FONLL calculation for p T 1.5 GeV and excesses the latter to a certain extent for lower p T . 
III. COMPARISON WITH DATA AND DISCUSSIONS
In this section, we use the above working model to describe the available data of the p T spectra of D mesons and Λ A. D meson spectra and spectrum ratios
In Fig. 3 , we show the differential cross sections of D mesons as the function of p T in central rapidity region −0.96 < y < 0.04 in minimum-bias p-Pb collision at √ s N N = 5.02 TeV. Symbols are experimental data [46, 47] and lines are results of QCM. The data of D * + are used to determine the p T spectrum of charm quarks at hadronization. The normalized charm quark spectrum f (n) c (p T ) was shown in Fig. 2 . The p T -integrated cross section of charm quarks dσ c /dy can be extracted from the D * + cross section by
Here, λ s ≡ lisions [48] . R V /P is taken to be the thermal-weight value 1.5. R
(c)
B/M is 0.26, which is the extrapolation from the production of light flavor hadrons and will be discussed in the next subsection. The extracted dσ c /dy ≈ 158 mb is consistent with the experimental estimation 151 ± 14(stat) +13 −26 (syst) mb [47] . In addition, the resulting dσ D 0 /dy = 76.0 mb is also consistent with the experimental estimation 79.0 ± 7.3 (stat) +7.1 −13.4 (syst) mb [47] .
In Fig. 3 , we see that results of QCM are in good agreement with the data for p T 7 GeV but are smaller than the data for high momenta p T 8 GeV. This is reasonable. Supposing the existence of the parton medium with ample (dozens of) quarks and antiquarks with soft momenta p T l 2 GeV, during moving in the medium the perturbatively-created charm quark with momentum p T,c 5 GeV has many potential co-moving light quarks or antiquarks and it can pick up one of them to form the single-charm hadron. For the hadron formation at high momentum p T 8 GeV, if it hadronizes still by combination, a charm quark with p T,c 6 GeV should find out or occur the co-moving light quarks with p T,l 2 GeV which numbers drop rapidly. In this case the combination is not the dominated channel and the fragmentation will take over.
In Fig. 4 , we show results for the ratios of differential cross sections for D mesons as the function of p T . Symbols are experimental data [46, 47] Experimental data are taken from [46, 47] . The sawtooth of QCM results is due to the finite statistics.
in Table I . Several ratios of the charm-hadron cross sections are interesting. Using Eqs. (16) and taking the strong and electromagnetic decay contribution into account, we obtain the ratios of cross sections for D mesons
where we have used λ s = 0.34±0.01 in p-Pb collisions [48] and R V /P = 1. is only dependent on the λ s in QCM and therefore is a potentially interesting measurement. We note that these p T spectra and spectrum ratios of D mesons in p-Pb collisions at √ s N N = 5.02 TeV can be explained by perturbative-QCD calculations with fragmentation functions [49, 50] within the theoretical uncertainties. The physical importance of our results is that we provide another kind of understanding for these data. We emphasize two points in our method (1) the mid-rapidity p T spectra of light-flavor quarks in the low p T range are extracted from the data of light-flavor hadrons using quark combination mechanism; (2) the used p T spectrum of charm quarks is consistent with perturbative-QCD calculations. Therefore, our results suggest a possibly universal picture for the production of light and heavy flavor hadrons in low p T range at the hadronization of the small parton system in p-Pb collisions at LHC energies.
The production of baryons is sensitive to the hadronization mechanism. In particular, the ratio of baryon to meson as the function of p T is usually served as an effective probe of the hadron production mechanism. The enhancement of the baryon/meson ratios at "intermediate" p T (2 p T 5 GeV) is a characteristic behavior of QCM. In experiments, the enhancement of the ratios for light-flavor hadrons such as p/π, Λ/K 0 s
and Ω/φ has been observed many times in relativistic heavy-ion collisions [51] [52] [53] [54] [55] , and it is also recently observed in p-Pb collisions at LHC energies [9] . The preliminary data of the Λ + c /D 0 ratio in central rapidity region (-0.96<y<0.04) in p-Pb collisions at √ s N N = 5.02 TeV are recently reported by ALICE collaboration, which also show a significant enhancement [56] . In addition, LHCb collaboration also presents the preliminary data of Λ + c /D 0 ratio at forward and backward rapidities, which show the similar enhancement and further indicate the nontrivial p T dependence of the ratio. In this subsection, we use QCM to understand these preliminary data of the Λ TeV [56] , solid squares, are shown in Fig. 5(a) . Here, the data of pp collisions at midrapidity (|y| < 0.5) at √ s = 7 TeV, open circles, are also shown as another reference of the ratio at LHC energies, which are consistent with the data of p-Pb collisions. These data show the ratio Λ + c /D 0 at LHC energies reaches about 0.5 in p T range (2 p T 5 GeV) and seems to decrease with the p T as p T 2 GeV. The predictions from popular event generators PYTHIA8 [57] , DIPSY [19] , and HERWIG [58] are also shown in Fig. 5(a) with different kinds of lines. These event generators adopt the string or cluster frag-mentation to describe the hadronization. We see that predictions of DIPSY, HERWIG and PYTHIA8 without color re-connection give the Λ + c /D 0 ratio of about 0.1 which is significantly smaller than the data and give a slightly increasing tendency with p T . Considering the color re-connection effects in PYTHIA8 [21] can increase the ratio up to about 0.3 and give the decreasing tendency with p T . In Fig. 5(b) , the preliminary data of Λ 0 ratio decreases with p T as p T 3 GeV but the first data point at 2.5 GeV is relatively smaller than the peak and therefore may indicate the possible decrease of the ratio at smaller p T . NLO theoretical predictions [59, 60] with parton distribution functions EPS09LO, EPS09NLO and nCTEQ15 are shown in Fig.5(b) as different kinds of lines, which have the proper magnitude for the ratio in p T range (2 p T 5 GeV) but give the slightly increasing tendency with p T .
After the above discussions, we conclude that two features of the Λ + c /D 0 ratio, i.e., the magnitude of the ratio in 2 p T 5 GeV range and the p T dependence of the ratio (i.e., ratio shape), are key test for the theoretical models. In QCM, the baryon/meson ratio usually exhibits an enhancement at "intermediate" p T and the p T dependence of the ratio is non-monotonic, i.e., the ratio increases at small p T and peaks at p T ∼ 2 − 3 GeV and then decreases at larger p T . For the p T dependence of the Λ + c /D 0 ratio, we can see this typical behavior from the ratio of directly produced Λ + c and D 0 . The extracted p T spectra of light quarks and charm quarks at hadronization in minimum-bias events shown in Figs. 1 and 2 can be parameterized by the following form [62] 
where P 4,q (p T ) is the polynomial of degree four and is taken to be (8) and (9), the ratio of directly produced Λ We see that the p T dependence of the ratio is controlled by two terms. The first term is √ p T which increases the ratio with p T . The second term is the exponential term which monotonically decreases with p T . The competition between two terms leads to that the ratio increases at small p T and then reaches the peak at p T ≈ 3 GeV and decreases for larger p T . Taking the decay contribution into account only slightly changes the shape of the ratio.
In heavy-ion collisions, the light quark spectra at low p T exhibit the thermal feature, i.e. f l (p T ) = dn/dp T ∝ p T exp[− p 2 T + m 2 /T ]. Therefore, the first term that controls the increase of the baryon/meson ratio is p T instead of √ p T and the ratio can reach higher peak value at "intermediate" (16) and (18) and taking the strong and electromagnetic decays into account we have
where λ s = 0.34 and R V /P = 1.5 are taken. We see that the ratio is directly influenced by the parameter R Fig. 5 (f) . Here we note that the extracted f c (p T ) is also very close to the center values of FONLL calculation at forward rapidities [43, 44] . The result of Λ + c /D 0 ratio at forward rapidities is shown in Fig. 5 (e) . We see that the data of p T spectra of Λ + c and D 0 and their ratio in 3 p T 7 GeV range can be well fitted by QCM.
In addition, we find that, except the difference in global magnitude due to R 0 ratio with respect to p T at forward rapidities 1.5 < y < 4.0 is very close to that in central rapidity region (−0.96 < y < 0.04) in our model. This is because of the following reasons which can be seen from Eq. (32) . Since the charm quark carry most of momenta of the Λ + c and D 0 in QCM, the change of charm quark spectrum at different rapidities is largely canceled in Λ + c /D 0 ratio. In addition, the momenta of light quarks that take part in the formation of Λ + c and D 0 are usually p T 2 GeV. The change of light quark spectra for p T 2 GeV at different rapidities is not significant and is only weakly passed to the ratio because the light (anti-)quarks carry small fraction of momenta of the Λ + c and D 0 . This is different from that in light-flavor hadrons where the baryon/meson ratios have nontrivial dependence on the change of quark spectra because there each quark carries similar fraction of the momenta of the formed hadrons due to the similar constituent quark masses.
An important result in the above fitting is that we extract R B/M in central rapidity region and that in forward rapidity region. This is somewhat puzzling. For light-flavor hadrons, the ratios of baryons to mesons such as p/π and Λ/K 0 s yield ratios at LHC energies are relatively stable at different system sizes and in different rapidity regions [8, 48, 51, 52, 63, 64] . Models or event generators based on string or cluster fragmentation also usually predict the stable baryon/meson yield ratios as the function of rapidity [19, 21, 57] . In addition, the preliminary data of LHCb collaboration [61] show Λ + c /D 0 ratio is stable at different forward and backward rapidities. Second, the extracted R (c) B/M is larger than that extrapolated from light-flavor hadrons. If we suppose that the baryon-meson production competition in the formation of single-charm hadrons is the same as that in the formation of light-flavor hadrons, we have the relative ratio R (c)
is the ratio of light-flavor baryons to mesons and is about 0.086 by fitting the data of light-flavor hadrons in our previous work [48] . The factor 3 counts the three different permutations, i.e. cll, lcl, and llc, in combination. This extrapolated value of R [65, 66] . In addition, we note that the value of parameter R V /P = 1.5 in meson production which can well describe the data of D meson ratios in Fig. 4 is also from the thermal weight.
The following discussions are helpful to understand the large value for the extracted R (c) B/M . First is the naive estimation from stochastic color combination. When the charm quark moves in the medium, supposing the colors of neighboring light quarks and/or antiquarks are stochastic, then the probability of the charm quark with specific color (e.g. R) occurring the light anti-quark with right anti-color (R) to form the color singlet is 1/3, and the probability of this charm quark occurring two light quarks with right colors (corresponding toR) to form the color singlet is 1/9. Then we have R by stochastic color combination, which is close to extraction at forward rapidities. Second is the possible effect of the correlated color combination. As the charm quark hadronizes, the surrounding medium (those light quarks and antiquarks) is also in the vicinity of the hadronization. The colors of two light quarks neighboring in phase space will tend to be3 states that have attractive force. Then in single-charm baryon formation the probability of the charm quark occurring two quarks with right colors can be greater than 1/9 (the stochas- 1 in our model). In addition, the wave functions of charm hadrons will also influence the combination probability, for example, in several quark coalescence models through hadronic Wigner function [29, 38, 41] , which suggests the significantly enhanced ratio Λ [56, 61] . We suggest the measurement of the more precise data points, especially those for p T 3 GeV, in order to better test the quark combination characteristic for charm quark hadronization and quantify the enhancement of Λ + c baryon in low p T range in p-Pb collisions at LHC energies.
C. predictions for other hadrons and multiplicity classes
The production of other single-charm baryons such as Ξ 0 c and Ω 0 c will also exhibit the similar enhancement in QCM. In Fig. 6 , we predict the p T spectra of Ξ ratios. This is because the p T spectrum of strange quarks is flatter than that of up/down quarks [22] .
The above results are of minimum-bias events in pPb collisions which have relatively small charged-particle multiplicity dN ch /dη = 17.6 at midrapidity [69] . In fact, as indicated by the observation of collectivity and strangeness enhancement [4, 7, 8] , QGP-like medium is most probably created in high-multiplicity events of pPb collisions at LHC, and QCM should be preferably applied in these events. Results of QCM for light hadrons have shown this point [22] . Therefore, we make predictions for p T spectra of single-charm hadrons in highmultiplicity events for the future test. The selected multiplicity classes are I(0-5%), II(5-10%), III(10-20%) and IV(20-40%), which are four highest multiplicity classes in measurements of ALICE collaboration. The cross sections of charm quarks dσ c /dy in the four multiplicity classes are fixed in QCM by fitting the experimental data of the multiplicity dependence of D meson cross sections [70] . With R (c) B/M = 0.425 ± 0.025, they are taken to be (594 ± 35, 448 ± 26, 360 ± 21, 254 ± 15) mb in four classes, respectively. We neglect the possible effects of energy loss for charm quarks in traveling the medium before hadronization and use the extracted spectrum of charm quarks in the minimum-bias events.
In Fig. 7 , we show p T spectra of single-charm hadrons in central rapidity region in different multiplicity classes in p-Pb collisions at √ s N N = 5.02 TeV. In Table II , we show the p T -integrated cross sections and p T of singlecharm hadrons for R (c) B/M = 0.425. We see that the p T of charm hadrons slightly increase with multiplicity and the increase of baryons is slightly larger than that of mesons. This is due to the increased p T of light quarks in high-multiplicity events.
In Fig. 8 is more obvious than that of meson ratios but the dependence is still weak. Such increased dependence is because the formation of single-charm baryon needs a more light quark than that of single-charm meson and therefore suffers more influence of the change of light quark spectra.
IV. SUMMARY
We have studied the production of single-charm hadrons in p-Pb collisions at √ s N N = 5.02 TeV in quark combination mechanism. Considering the possible creation of the dense parton medium in p-Pb collisions at such extremely-high collision energies, the charm quark hadronizes by capturing the co-moving light quark or antiquark in dense medium to form the singlecharm hadron. We introduced a working model in the framework of quark combination mechanism to formulate the yields and momentum distributions of single-charm hadrons formed by the combination of charm quarks and light-flavor (anti-)quarks in equal-velocity combination approximation. The data of p T spectra of D 0,+ , D + s and D * + mesons and spectrum ratios in central rapidity region in low p T range p T 7 GeV in minimum-bias events are well described by the quark combination mechanism. We emphasized two important foundations in calculations: (1) the p T spectra of light-flavor quarks in the low p T range are extracted from the data of light hadrons using quark combination mechanism also in equal-velocity combination approximation; (2) the used p T spectrum of charm quarks is consistent with perturbative-QCD calculations. The Λ + c /D 0 ratio in quark combination mechanism exhibits a typical increase-peak-decrease behavior as the function of p T . The shape of the ratio for p T 3 GeV is in agreement with the preliminary data of ALICE collaboration in the central rapidity region and those of LHCb collaboration in the forward rapidity region. The enhanced production of single-charm baryons is parameterized by R 
